Abstract-The application of low-doped epitaxial layers and the increase of complexity of silicon photodiode design require the knowledge of the basic physical parameters, such as minority carrier lifetime or diffusion length, to improve the photodiode performance simulation. In this paper, electron-beam-induced current technique is used to evaluate minority carrier lifetime and diffusion length on a silicon photodiode. Particular focus is to compare plan view and cross-sectional view testing geometry, and also to evaluate artefacts introduced by high injection conditions unavoidable in lifetime measurement.
I. INTRODUCTION
T HE increased performance in terms of quantum efficiency and long wavelength compatibility of modern CMOS image sensors require the use of low-doped epitaxy material [1] - [3] and more complex photodiode design [4] , [5] . The device quantum efficiency response is strongly affected by the minority carrier transport properties in the low-doped absorber area. Therefore, it is crucial to precisely determine basic physical parameters [minority diffusion length (L) and lifetime (τ )] to improve the simulations of these devices.
The electron-beam-induced current (EBIC) mode of scanning electron microscopy (SEM) is a widely used technique to characterize semiconductor materials and devices. Among all the available applications, it allows the evaluation of the minority carrier diffusion length [6] - [9] and the minority carrier lifetime [10] , [11] .
In general, EBIC diffusion length and transient lifetime measurements are performed in the cross-sectional or plan view geometry, as shown in Fig. 1 . The preparation of the sample for cross-sectional measurements alters the surface quality, which can influence measurements. In addition, injection level conditions are important factors to consider. Diffusion length or lifetime of minority carriers should be extracted from EBIC measurement under low injection conditions [8] , [11] - [13] , i.e., such that the excess minoritycarrier density is much lower than the equilibrium majoritycarrier density. However, in particular, lifetime measurements demand a wideband and low-noise amplifier, which generally does not offer a high gain. Therefore, a high beam current is used to be compatible with the amplifier and the experiment usually is done at high excitation. In some cases, when the device geometry allows for it, the defocusing of e-beam could override this problem.
In spite of great number of publications on the use of the EBIC technique for extraction of the minority carrier diffusion length, it is not straightforward, which injection level range and testing configuration suit the best to get most reliable results. In this paper, it is attempt to compare generally used cross-sectional and plan view geometries and evaluate the impact of the injection level conditions on the diffusion length and the lifetime measurements. The theory of diffusion length and lifetime EBIC measurement is presented as background for interpretation of the experimental results.
The application of EBIC technique for characterization of the minority carrier diffusion length has been intensively studied, in terms of analytical approach and experimental analysis [7] , [8] , [12] , [14] , [15] . Two widely applied geometries for extraction of L from EBIC line scan are shown in Fig. 1 .
The interaction of the e-beam with the semiconductor substrate creates electron-hole pairs at the distance d from the edge of the space charge region. Some of the minority carriers diffuse and are collected by the junction, and give 0018-9383 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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rise to a current. This current collected by ohmic contacts is measured by a current amplifier. The recorded current profile has a peak maximum at the position of the junction with further decay as e-beam moves away due to bulk and surface recombination and described by [9] , [15] 
where A is a constant and L is the carrier minority diffusion length. The n factor depends on the surface recombination (s) and scan geometry. Thus, in the cross-sectional geometry, it varies between 0 (s = 0) and 0.5 (s = ∞), while in plan view, n has a range between 1/2 (s = 0) and 3/2 (s = ∞) [16] . Then, the diffusion length can be extracted from the slope of ln(I EBIC d n ) as function of the distance (d). As the surface recombination s is usually an unknown parameter, n is adjusted to get a straight line. It should be noted that the starting point to fit data should be at least two diffusion lengths from the junction and also more than the lateral dimension of the generation volume such that no generation of electron-hole pairs in depletion region occurs.
Analytical expression for EBIC current in cross-sectional configuration is given by [7] , [14] , [15] , [17] , and [18] . In this paper, Donolato's approach, which includes the extended generation by taking a Gaussian source, is adopted to simulate EBIC profile and compare with the experimental results. Donolato's expression is quite convenient, and can be written as a Fourier sine transform of a function containing elementary functions only, as shown in (2) [7] . However, it is only valid for distances from the junction greater than the lateral extension of the generation volume
where z 0 and σ are parameters related to the electron range R, defined as [7] 
and μ and λ are
The electron range R is defined by the expression given in [19] .
Another way to evaluate transport properties of minority carriers is analyzing transient EBIC signals in the structure induced by high-speed chopped e-beam [11] , [17] , [20] . The extraction of the minority carrier lifetime can be performed from (5) proposed in [11] 
where A is a constant and τ is the minority carrier lifetime. Then, the lifetime is simply extracted from the slope of straight line given by ln(I √ t). 
II. EXPERIMENTAL DETAILS
A photodiode matrix consisting of 12 30 × 30 μm n + -p individual devices fabricated on a p-type (1 × 10 15 B · cm −3 ) silicon bulk substrate and passivated by a silicon oxide layer with a thickness of 6 μm and surrounded by a p-well guard ring (Fig. 2) was used in experiment. The device structure was manufactured using deep submicrometer CMOS imaging technology [21] . The top oxide layer was thinned down to ∼1 μm to access plan view EBIC measurements.
In addition, a part of the diode matrix was cut off by a diamond saw and polished with SiC sandpaper and an alumina colloidal solution (0.1 μm) to conduct cross-sectional EBIC measurements. A Keithley 428 current amplifier plugged to the SEM video input was used to visualize EBIC signal (Fig. 3) . While slow EBIC line scans (25 mHz) were analyzed using Keithley 6514 electrometer, transient signals amplified by a Femto HCA-200M-20K-C with a bandwidth of 200 MHz and a transimpedance gain of 2 × 10 4 V/A were monitored by digital oscilloscope, triggered by the SEM electromagnetic beam blanker. All measurements were performed with a 30-kV beam accelerating voltage, which corresponds to an e-beam penetration depth of 7 μm [9] , and absorbed beam current in the range of 4 pA-20 nA at FEI Inspect S-50 SEM equipped with a tungsten filament. The beam current was monitored using Faraday cap mounted on stage. Fig. 4 shows normalized experimental cross-sectional profiles obtained with a 17-pA beam current together with simulated ones for the same excitation conditions using (2) . As can be seen, the shape of the simulated scan is strongly influenced by the surface recombination (s) and diffusion length (L) values. The best fit to the experimental scan is obtained using s = 4 × 10 5 cm/s, which is in good agreement to the values reported by other researchers for Si [15] , [18] , and L = 50 μm. The experimental values of diffusion length found from (1) are in the range of 32.3 μm < Ln < 40 μm (n = 0-1/2) with average L = 36 μm, which is close to simulated one. Furthermore, in this paper, all diffusion length values will be extracted using Chan and Schroder approach (1) [15] .
III. DIFFUSION LENGTH MEASUREMENTS
The L results for variable e-beam current values at the same accelerating voltage of 30 kV are shown in Fig. 5 . The corresponding maximum injection level of e-beam in the center of the electron-hole generation volume can be estimated as [22] 
where G is the generation rate, b = 1/2R is the radius of the uniform generation sphere, R [19] is the electron range, L is the diffusion length, and D is the diffusion constant of the minority carrier. As can be seen, the minority carrier diffusion length is quite stable up to 17 pA beam current (injection level: 2.6 × 10 13 cm −3 ), which is ∼0.05 times the base doping (1.0 × 10 15 cm −3 ), with further gradual increase for higher injection levels. This finding correlates with the results published in [12] and [23] .
The diffusion length reaches a maximum value at the injection level within an order of magnitude of the base doping. It was shown that the minority carrier lifetime and diffusion length could be increased at high injection level, because of enhanced density of ionized centers [12] , [24] . It should be mentioned that the diffusion length range for extreme boundary conditions (n = 0 and 1/2) significantly increases for high-level injection conditions. This illustrates the importance of the controlling of the injection level conditions during experiment.
An example of the EBIC line scan profile captured in plan view geometry at an e-beam current of 15 pA (injection level: 2.4 × 10 13 cm −3 ) is shown in Fig. 6(a) . By analyzing the EBIC line scan signal, the average diffusion length extracted from the slope of the line ln(I EBIC d n ) has the value of 63 μm.
Comparison of L values extracted in cross-sectional and plan view geometry for various beam current is summarized in Fig. 6(b) . The diffusion length results obtained in plan view geometry show higher values in comparison with the measurements performed in cross-sectional view.
Overall, the average diffusion lengths measured in plan view exceed by minimum 20 μm, and the cross-sectional L results at the same excitation conditions. It can be explained by the absence of a roughly cut surface and by the presence on the surface of an oxide passivation layer, which reduces the surface recombination velocity in the plan view testing geometry.
To evaluate the impact of the surface recombination for cross-sectional testing geometry, the diffusion length was extracted for different penetration ranges of the e-beam (from 5 to 30 keV), as shown in Fig. 7 . A strong decrease of L at small accelerating voltages is attributed to enhanced effect of the surface recombination. Therefore, minority carrier diffusion length should be extracted in plan view geometry with an injection level lower than 0.05 times the substrate doping.
IV. LIFETIME MEASUREMENTS
The experiment is performed on the same photodiode in cross section with a beam current of 6 nA (injection level of 9.5 × 10 15 cm −3 ) and 11.6 nA (injection level of 1.8 × 10 16 cm −3 ), which correlates to a high injection condition. Low signal-to-noise ratio at lower injection conditions limited the use of low e-beam currents. As an example, the captured EBIC signal at 9.5 × 10 15 cm −3 injection level is shown in Fig. 8 . Even at high injection level, the raw EBIC decay signal is quite noisy.
Lifetime extractions are performed at different depth from the n + -p junction, and the results are shown in Fig. 9 .
For both beam currents, the lifetime measured on the junction position is shorter, because of the higher dopant concentration of the junction. All other points are homogenous, and give a lifetime of 1.5 μs for the highest beam current, and 2 μs for the lowest beam current.
The minority carrier diffusion length and the lifetime are linked by the following relationship: At the high injection level, the diffusion coefficient and the mobility decrease as the injected carrier concentration increases [25] , [26] . In a substrate doped at 10 15 B · cm −3 , the mobility should decrease from 1400 (low injection) to 1000 cm 2 V −1 s −1 (high injection), and thus the diffusion constant should decrease from D nlo = 35 cm 2 s −1 to D nhi = 25 cm 2 s −1 . Then, let us make the approximation L nhi ≈ 1.37 L nlo ; using (7) for low and high injection, it comes
where τ nhi is the measured lifetime in high injection condition, D nhi is the diffusion constant at high injection level, and D nlo is the diffusion constant at low injection level. Therefore, the carrier lifetimes measured at high injection level can be overestimated by a factor of 2.6. The corresponding estimated carrier lifetimes that can be measured at low injection condition are estimated: 0.57 μs for the highest beam current and 0.76 μs for the lowest beam current. These values of carrier lifetime are consistent with those which could be deduced from diffusion length measurements. Indeed, considering a diffusion constant for minority carriers D n of 35 cm 2 /s [25] , L n = 50 μm gives τ n = 0.7 μs (injection level of 2.6 × 10 13 cm −3 ). Following the same approach, the lifetime was evaluated in plan view geometry at a different distance from the n + cathode to increase the statistic and check the results consistency. The results are shown in Fig. 10 . However, due to the presence of thick oxide layer on the surface, the measurements are more challenging, and require higher injection level conditions to get acceptable signal to noise level.
The measured lifetimes are showing an average minority carrier lifetime of around 2 μs, which is slightly longer than that of the cross-sectional measurement. Therefore, in spite of a challenging experimental setup, we have shown that it is possible to evaluate the minority carrier lifetime in plan view, without any specific sample preparation. The experimental configuration could be improved, in particular, by thinning down the oxide stack in the e-beam incidence zone.
V. CONCLUSION
Measurement of the minority carrier diffusion length and lifetime is performed on a photodiode processed on a silicon bulk p-doped wafer, using a plan view and a crosssectional configuration. For all e-beam excitation level conditions, diffusion lengths values in plan view testing geometry consistently have longer diffusion lengths than those measured in cross section, which is related to the impact of surface recombination. In addition, it was found that injection level conditions have a strong influence on the extracted diffusion length values. In particular, similar L values were obtained for excitation levels up to ∼0.05 times of the substrate doping with following gradual increase for higher injection levels. An evaluation of the minority carrier properties from transient EBIC measurements can represent significant difficulty and prone to be conducted at high injection level condition to maintain high signal to noise ratio, which leads to over evaluation of the extracted lifetime values. In particular, for the structure reported in this paper, it was found that the minority lifetime is over evaluated by ∼2.6 times. This should be kept in mind while choosing the EBIC testing setup and injection conditions. He is currently with the Naval Research Laboratory, Washington, DC, USA. He has co-authored more than 40 refereed publications and conference proceedings in the field of crystal growth and the characterization of semiconductor structures. His current research interests include the structural and electrical characterization of solar cells and type-II superlattice-based infrared detectors. 
